Background: Malaria continues to be a disease of massive burden in Africa, and the public 1 5 health resources targeted at surveillance, prevention, control, and intervention comprise large 1 6 outlays of expense. Malaria transmission is largely constrained by the suitability of the climate 1 7
The model incorporated temperature response curves fit for the mosquito species Current temperature data is represented by globally gridded 5 arc-minute WorldClim 1 1 3 (version 1) monthly mean temperature data [10] . This represents a long term average, or 1 1 4 baseline, which has been used to project future climate scenarios, and therefore serves as our 1 1 5 baseline. atmosphere, land, oceans, and biological processes. They allow for modeling the expected 1 2 0 climate response to increasing greenhouse gas concentrations. The direct application of GCM 1 2 1 output to adaptation decision making, however, has been relatively limited due to GCMs' coarse 1 2 2 spatial resolution (100 to 500 km 2 ). For strategic planning in malaria prevention and control, 1 2 3 information is required on a much more local scale than GCMs can provide. Here, a statistically 1 2 4 downscaled multi-model ensemble product is used for this analysis, compiled at a resolution of 5 1 2 5 arc-minutes (~10 km 2 ) from 6 downscaled GCMs. The climate projection data used in this study 1 2 6 consisted of the median value for the multimodel ensemble representing future climate, compiled 1 2 7 from the Coupled Model Intercomparison Project (CMIP5) archive, downscaled using a Change Factor (CF) approach and sourced from Navarro-Racines, Tarapues-Montenegro, and Ramírez- moisture in their environment to provide breeding habitat with which to complete their lifecycle. agricultural irrigation, redirecting precipitation in nonlinear ways at local level, or even creating 1 4 7 piped water environments in the absence of precipitation. To generalize habitat suitability for 1 4 8 mosquito breeding, a remotely sensed proxy is used: the normalized difference vegetation index where the NDVI drops below a critical minimum level for two months of the year, thereby . We followed a modified version of the . That is, if the NDVI value for two consecutive months 1 5 8 fall below 0.125, it is assumed that an aridity boundary is crossed, indicating that that area 1 5 9
(pixel) is considered too arid for malaria transmission to occur. We chose the 2016-2017 period 1 6 0 of NDVI as an average climate year for the current decade. As NDVI cannot be projected into 1 6 1 future scenarios, we use this as an average current aridity mask, which is a conservative 1 6 2 approach. We downloaded global gridded population products, the Gridded Population of the World , with baseline estimates derived 1 6 9 from 2015 GPW data, while projected future populations were extracted from the 2020 layers. The gridded temperature data (current and future climate scenarios, month-wise) were mask was applied, and pixels falling in masked areas were given no value. Seasons of transmission were defined based on the numbers of months of suitability, and 1 7 8 criteria established by MARA were followed in defining malaria transmission suitability, with 1 7 9 very slight additional granularity to better illustrate the impact of changing climate (Table 1) . In order to estimate the population at risk (PAR) for each geospatial research question, 1 8 5
the suitability data were aggregated by a factor of 10 and aligned to the climate data, such that all 1 8 6
analyses were conducted at 5 arc-minute resolution (approximately 10 km 2 at the equator). Guinea are all included in the USAID West African Region, we chose to define a Central Africa 1 9 3 region, comprising these countries ( Figure 1 ). We present results of our analyses for four of our 1 9 4 regions, excluding Northern Africa from this study. Africa region was excluded from analyses in this study. Canoe"] using the "raster," "rgdal," "sp," and "maptools" packages, and mapped output was Results 2 0 4
Regional impacts of climate change scenarios 2 0 5
Increases in temperature by region, from baseline, for the future climate scenarios, are 2 0 6 synthesized in Table 2 . Higher future temperatures are projected under all models and time 2 0 7 periods evaluated for the continent. Under baseline conditions, we see the current distribution of endemic (10-12 months) arid for mosquito life cycles, and in parts of Southern Africa, particularly through Mozambique. The projected future climate impacts on malaria transmission suitability are shown for suitability will begin to emerge in the center of the continent, the East African highlands, the 2 2 7 Lake Victoria region, and northern Zambia, becoming more pronounced in the latter part of the 2 2 8 21st century. A significant portion of these areas are located in Eastern Africa including Uganda, Kenya, and Tanzania, a region with currently lower suitability for endemic malaria transmission Southern Africa toward the latter part of the 21st century. million people at risk from year-round exposure to transmission in Eastern Africa (Fig. 4) . In transmission is also expected to increase in previously unsuitable regions, such as those in the by 2080 these changes will extend into western Angola, the upper Zambezi River Basin, and 2 6 3 northeastern Zambia, and will become more concentrated along the East African highlands. shifting suitability will largely relieve the burden of endemic transmission in Western Africa. suitability will largely decrease seasonal transmission in Western Africa. These shifts in the geographic range of malaria suitability, broadly consistent across both 2 8 0 scenarios of future climate, suggest both decreases and increases in the number of people 2 8 1 exposed, depending on the climate scenario. The geographic and temporal evolution of future 2 8 2 suitability of areas for malaria-transmitting Anopheles mosquitoes is closely tied to expected 2 8 3 temperature changes under both RCP scenarios (Fig. 3) . As temperatures rise, even within the Anopheles mosquitoes into Southern and Central Africa, into western Tanzania. As temperatures 2 9 1 continue to rise (2050s), both endemic and seasonal zones will continue to exhibit an eastward 2 9 2 shift, with thermal threshold exceedance again apparent under the worst-case scenario (RCP 8.5), Anopheles survival decrease, opportunities will emerge to alter and define more targeted African Republic, western Congo, Cameroon, and Equatorial Guinea) and coastal East Africa East Africa, leading to dramatic PAR increases for regional exposures, particularly novel The changes in the geographic range of malaria suitability, broadly consistent across both 3 2 1 scenarios of future climate, suggest that the number of people exposed to conditions of malaria 3 2 2 suitability will both increase and decrease in Sub-Saharan Africa, depending on the region. Thus, 3 2 3 as some populations experience reduced burden of malaria risk in the future, shifting suitability 3 2 4 will increasingly place naïve populations at risk for outbreaks, particularly in Southern and 3 2 5
Central Africa. Malaria outbreaks that occur where people have little or no immunity to the 3 2 6 disease can lead to epidemic conditions, especially among vulnerable groups such as women and exposure to malaria transmission is expected to increase in previously unsuitable regions, such as 3 4 1 those in the higher elevation regions of Southern and East Africa. A key concern with climate 3 4 2 change impacts is whether climate change will lengthen the period of the year during which too cold for the reproduction of malaria vectors may become more suitable in the future. In these 3 4 5 areas, increases in temperature may not impact midsummer malaria incidence greatly, but may 3 4 6 result in a longer season, extending into both spring and autumn, during which malaria 3 4 7 incidences will occur. In some cases, malaria may shift from being a seasonal disease burden to a 3 4 8
year-round burden. This will necessitate different types of management and control interventions 3 4 9 than those currently in place for short-season malaria [27, 28] . Where the number of months of 3 5 0 suitability for Anopheles survival decreases, opportunities will emerge to alter and define more examining areas where malaria suitability is currently considered seasonally restricted, but will 3 5 6 likely become more prevalent throughout the year, public health planners can anticipate which 3 5 7 regions may require an extended investment pipeline. allows for validation with empirical, field-collected data, and obviates the bias of modeling data 3 6 8 while intervention is ongoing, as is inevitably the case with previous approaches [30].
6 9
While substantial progress has been made in recent years in the provision and use of scientific knowledge and the computational constraints of modelling regional detail while still arise over the chance of a single event (for example, crossing a threshold), recurrent events (the 3 8 0 return period of a flood, for example), discrete events (hurricane frequency), and complex events 3 8 1 (for example, the interplay of different factors that lead to drought) [34] . Recognizing this, good 3 8 2 practice is followed by incorporating a multimodel range of climate projections rather than a 3 8 3 single model, as performed in this study [31, 35, 36] . For the population data specifically, it is 3 8 4 important to recognize that the projected population for 2020 is used to calculate the numbers of with climate models, these projections do not necessarily capture all of the factors that drive 
